Background: This study addresses how high-level visualspatial ability of surgical novices is related to performance of two simulator tasks with (KSA) and without (MIST) anatomic graphics and haptic feedback, differing in visual-spatial complexity. Methods: Visual-spatial test scores assessed by Mental Rotation Test (MRT) and BasIQ and performance scores for Instrument Navigation (IN) in Key Surgical Activities (Procedicus KSA) and Manipulate and Diathermy (MD) in Minimally Invasive Surgical Trainer (Procedicus MIST) were correlated for 54 Swedish surgical novices. Results: Significant PearsonÕs r correlations were obtained between visual-spatial scores measured by MRT-C and total score from the last trial for IN (r = 0.278, p < 0.05). Visual-spatial scores (measured by BasIQ) also correlated with total score from the first trial (r = 0.443, p < 0.05) and from the last trial (r = 0.489, p < 0.05). Conclusion: High-level visual-spatial ability is important for surgical novices to possess in the early training phase of a visual-spatial complex task in KSA.
possess capacities favoring acquisition and execution of image-guided surgical skills. Cuschieri [3] has estimated that between 5% and 10% of trainees fall into this group.
Although several studies using correlation analyses have shown consistently and successfully that psychomotor and perceptual ability predicts minimal-access surgical performance [5, 16, 21, 23] , there is a controversy in the literature regarding the role of innate abilities or aptitudes of surgical applicants for anticipating future surgical proficiency. For example, a few studies have yielded potentially useful results in finding correlations between visual-spatial ability, defined as the capacity to generate: ''a mental representation of a twoor three-dimensional structure and then assessing its properties or performing a transformation of the representation'' [2] , and surgical performance in novices [14, 23, 26, 27] ; others have not [22] . Wanzel and collaborators [28] remarked that early contradictory findings may have been due to: methodologic differences in assessing surgical performance objectively, differences in understanding the role of visual-spatial ability as surgical experience increases from initial to late phases of training, as well as differences in view on the question of whether different levels of visual-spatial ability might be required for different surgical tasks. For example, it is commonly accepted in the field of visual neuroscience that the processing of visual information occurs in a number of stages, from simple edge and surface encoding to more complex whole-object processing [11] .
Wanzel et al. [26] addressed some of these limitations and showed that junior surgical residents with high visual-spatial scores, assessed by the Mental Rotation Test (MRT) [13] , performed better in completing and learning a visual-spatial complex surgical Z-plasty procedure on a pig. Furthermore, as the complexity of the surgical task increased (i.e., from two-to four-flap Z-plasty), so did the correlation with visual-spatial ability. In a recent study by Wanzel and collaborators [27] , they used a more spatially complex task (the rigid fixation of a fractured anterior mandible) than in their previous study from 2002. For this more spatially complex surgical task, stronger correlations were obtained between visual-spatial ability and surgical performance, suggesting an even greater reliance on visual-spatial ability (correlations as high as 0.73). However, a recent study [22] , looking at visual perceptual factors in endovascular surgery, showed that visual-spatial ability did not correlate with novice performance when interpreting angiographic images. The authors interpreted their findings as indicating that training and experience are much more important factors than innate visual-spatial ability.
Lohman [9] emphasized that the visualization factor, usually measured by complex spatial tests such as Paper Form Board, Paper Folding and Surface Development [4] and Mental Rotation Tests [13] , is often difficult to separate from general cognitive ability (the g-factor). Hence, there might be a correlation between high-level visual-spatial ability assessed by scores on a mental rotation test and scores on general abilities. An assumption likely to be drawn is that early contradictory findings [28] also may have been due to methodologic differences in assessing visual-spatial ability in general and high-level visual-spatial ability in particular. Indeed, one major task for a better understanding of the role of spatial abilities for surgical performance should be to explain (1) the systematic individual difference variance that is uniquely spatial, and (2) the much larger portion of the variation of such tasks that is shared with general abilities.
In this study we examined whether Wanzel and collaborators´findings [26] of a correlation between highlevel visual-spatial ability for novices and surgical proficiency and stronger correlations for more complex spatial tasks [27] are also applicable to image-guided surgical simulator training. Our aim was to determine the correlation between high-level visual-spatial ability test scores and performance measures in two simulator tasks differing in spatial complexity. The main hypothesis was that surgical novicesÕ high-level visual-spatial ability scores (confounded or not confounded with general cognitive ability) are positively and significantly related to Instrument Navigation task performance scores in the Procedicus KSA. We did not expect any significant correlations between high-level visual-spatial ability scores and performance scores in another ambidextrous but less complex visual-spatial surgical training task (Manipulate and Diathermy) in the Procedicus MIST.
Materials and methods

Subjects
Participants were recruited on a volunteer basis following ethics approval from the local ethics committee at Karolinska Institutet. Informed consent was obtained before the study started. Subjects included 54 medical students (27 women, mean age 24.8 years, and 27 men, mean age 25.7 years), in surgery attending the 8/11 semester at Karolinska Institutet at Karolinska University Hospital, Huddinge, Sweden. None of the students had any former experience with simulators for image-guided surgery and had previously not been assessed on any of the psychometric tests.
Study design
We used a self-controlled study design study. It was organized in two phases. The first and psychometric phase aimed at collecting data regarding the subjectsÕ visual-spatial and general cognitive ability and lasted 90 min (60 min for the BasIQ and 30 min for MRT A and C). Half of the participants were randomly assigned to either begin with the psychometric tests (or the simulator tasks). All subjects completed the MRT A and C tests. Since we had to restrict the total time of psychometric testing in order to give enough time for simulator training on the selected tasks, 25 of the participants were randomly selected and assigned to complete the BasIQ test.
In the second training phase, lasting 60 min for each simulator task, all subjects were supported by an instructor during training in the two eye-hand coordination tasks. We collected performance scores from all trials and used the scores from the first and last trials for later statistical analysis. The self-controlled study design was here modified to provide a combination of self-controls and concurrent experimental treatments. In this crossover design, half of the subjects started with training in the KSA task and continued with the MIST task. The other half of the subjects started with training in the MIST task and ended with the KSA task. Crossover study designs, trials in which each participant receives two or more treatments in sequence, and selfcontrolled studies, in which each participant serves as his or her own control, can produce results that are statistically valid with far fewer participants than would otherwise be required. Because of the reduction in between-subject variance, each participant is assessed several times, and statistical tests assuming randomization can be used, so crossover studies often have greater statistical power than parallelgroup designs that include 5 or 10 times the number of subjects [20] . This is an important practical advantage, particularly when our study was performed in a single simulator training center.
Psychometric tests
The participants completed previously validated tests in order to assess visual-spatial ability. Tests for assessing visual-spatial ability confounded with general ability were the revised Vanderberg and Kuse [13] mental rotation tests MRT-A and MRT-C.
The two forms of MRT consist of 24 tasks each (see Fig. 1 ). All participants were presented with a target figure to the left and four stimulus figures on the right for every task. In the MRT-A standard set participants have to mentally rotate the figures around the vertical axis, and in the MRT-C around both the vertical and the horizontal axis. Instructions, procedures, and scoring were identical to those of Peters and collaborators [13] . In all problem sets, two figures on the right are rotated versions of the target figure, and the participants have to mentally rotate the figures and find the two rotated versions of the target figure. This MRT-C set is designed for greater difficulty and subjects found it very much harder to perform MRT-C than MRT-A. Subjects had to identify both of the correct alternatives, and a score of ''1'' was given if and only if both choices were correct. Thus, the maximum score was 24 for each form of the MRT. Participants were given 3 min to complete 12 tasks with a 1-min break between sets. Instructions, procedures, and scoring were identical to those of Peters and collaborators [13] . We differentiated between high-level visual-spatial ability confounded as well as not confounded by general cognitive processes by using the BasIQ test. This psychometric test [12] assesses the systematic individual difference variance that is uniquely visual-spatial; unrelated to general cognitive ability or the g-factor. It uses nested factor analysis and modeling techniques in order to generate a measure of g, as well as unconfounded (unique) measures of visual-spatial, verbal, and numerical ability [8] . This test has nine subtests. Three of these tests involve 30 paper folding and surface development items and together define the visual-spatial factor. All subtests were scored in a Windowsbased scoring program. Individual scores were calculated for general cognitive ability, visual-spatial, verbal, and numerical ability in factor loadings, stanine points, percentiles, and T-scores. For calculations of correlations between unique visual-spatial scores and performance scores we used factor loadings. We had to restrict the total time of psychometric testing, so only 25 of 54 participants were randomly selected and assigned to complete the BasIQ test. This subgroup did not differ in gender, age, or experience from the total group of subjects.
In order to control for differences in flow experience and mental strain between the two training tasks, each subject completed two additional psychometric tests. The Flow experience questionnaire (14 items on a Likert type scale) asked about the subjectÕs experienced enjoyment, concentration, control, exploratory use, and challenge in the task [7] and took 1-2 min to complete. The subjectÕs perception of mental strain; how strenuous the exercise in the simulator task felt, was assessed by the Borg category-ratio 10 scale (CR-10). Each subject was asked to rate her or his mental strain during the exercise in the simulator task. The participants were handed a list of expressions, ranging from 0 (nothing at all) to a number above 10 (absolute maximum), which should mirror experiences that might have been experienced. It has been validated extensively and is easy and quick to use (a maximum of 5 sec), with good instructions and suitable training material [1] .
Simulator training tasks
We used two ambidextrous surgical training tasks differing in visualspatial complexity: Instrument Navigation (IN) in the Procedicus KSA (Mentice, Go¨teborg, Sweden) and Manipulate and Diathermy (MD) in the Procedicus MIST (Mentice, Go¨teborg, Sweden). IN is a more complex visual-spatial task than MD.
The Procedicus KSA is a PC-based virtual reality system for laparoscopic simulation with anatomic graphics and haptic (force) feedback. The screen was 17 in with resolution of 2560 · 1024.
The participants were standing on the left side of an imagined patient. The specific bimanual eye-hand coordination IN task is to navigate with the optic device (30°angle) held in the left hand and the probe held in the right hand and to find and probe 10 spheres randomly interspaced throughout a virtual upper abdomen. One sphere has to be found and touched with the tip of the probe. As a consequence it disappears and another sphere has to be found. The simulator measures performance and provides the results at the end of each test. If an organ is touched, a haptic feedback is sensed [23, 24] . The measured variables of performance are time, movement economy, collisions with the optic device and the probe, and total score. The variable time in the KSA simulator is calculated as the time passed from the end of the calibration of the instruments until the last target is hit. The movement economy variable is calculated as the optimal path length divided by the actual path length. The optimal path length is the sum of the straight-line distances between the randomly interspaced targets. Collisions with the instruments are calculated as the sum of all shaft and tip collisions. The total score is composed of the collisions with the instruments together with movement economy [23] .
The Procedicus MIST is a PC-based virtual reality system with a 15-in screen and resolution of 1024 · 768. This system for objective ambidextrous psychomotor surgical training and assessment has no anatomic graphics and no haptic feedback. It has been validated extensively for the training and assessment of basic laparoscopic skills [6, 25] . It has tasks of progressive and graded complexity, sound learning principles, and offers remote training and assessment. It has a range of modules and exercises that teach different basic skills. The participants trained on all six tasks (core skills one) during the 1-h session. All tasks begin with bilateral movements in order to touch a virtual sphere with the tips of the virtual instruments. In the first task the participants are required to grasp a virtual sphere and place it in the centere of a virtual wire frame. In task two the virtual sphere is grasped and then transferred between the instruments and finally placed inside the wire frame. In the third task the segments of a virtual cylinder are grasped alternatively. In task four the participants are required to grasp a virtual sphere, touch it with the tip of the other instrument which is then withdrawn and reinserted and once again touch the sphere now inside a wire frame. In the fifth task, once the virtual sphere has been grasped, three small cubes appear on the surface of the sphere. The cubes appear one at a time 90°apart. They are virtually diathermied away using an L-hook (precisely positioned on the cube) and a foot pedal. Task six (MD) combines the actions of the fourth and fifth tasks. In order to use the diathermy a sphere has to be positioned in the center of a wire frame and at the same time have an exact position with the L-hook on the small cube.
Only the last task, MD medium level, was used, because it is the most validated task. The measured variable of performance was total score.
Statistical analysis
Pearson product-moment correlation analysis and regression analysis were used to analyze correlations between the psychometric tests and the performance scores. Since the sample r 2 tends to estimate optimistically how well the model fits the population, we used the adjusted r 2 . Statistical analysis between the performance scores from the first and the last trials was performed according to the type distribution (normality) with paired T-test or Wilcoxon signed rank sum test. Level of significance was set at p < 0.05.
Results
There were no significant PearsonÕs r correlations between the simulator performance scores and the scores in the Flow and Borg scales. MRT and BasIQ scores were uncorrelated with Flow and Borg scores. No significant gender differences were found for correlations between psychometric scores and performance scores.
There was a significant improvement after 1 h of training in the Procedicus MIST regarding total score (paired t-test, p < 0.001) and in the Procedicus KSA regarding time, movement economy, collisions with the probe, and total score (Wilcoxon signed rank sum test, p < 0.001). Ten significant correlations were identified between the psychometric test scores on MRT-A, MRT-C, and BasIQ, and the performance scores in the KSA and MIST simulator tasks (Table 1) .
There was a difference between visual-spatial ability and general cognitive ability for both tasks; total scores in KSA correlated with spatial ability but not with general cognitive ability, and total scores in MIST correlated with cognitive ability but not with visual-spatial ability.
Ability-performance relationships for Instrument Navigation
PearsonÕs r correlations were obtained between total score from the last trial in IN for the KSA task and visual-spatial scores correlated with general cognitive ability (the g-factor), MRT-C (r = 0.278, p < 0.05). Visual-spatial scores uncorrelated with g (as measured by BasIQ) also correlated with total score from the first trial (r = 0.443, p < 0.05) as well as from the last trial (r = 0.489, p < 0.05).
A regression analysis showed that the adjusted r 2 for visual-spatial ability (uncorrelated with the g-factor) accounts for 27.8% of the variance, F (1.23) = 10.242, p < 0.01, and that the verbal and numerical scores do not add to the significance. There were no significant r correlations between the g-factor (pure general cognitive ability as measured by BasIQ) and total score.
The score for time from the last trial correlated significantly with MRT-A (r = )0.325, p < 0.05), MRT-C (r = )0.372, p < 0.01), and visual-spatial scores uncorrelated with g measured by BasIQ (r = )0.432, p < 0.05). General cognitive ability (g-factor) also correlated with time from the last trial (r = )0.402, p < 0.05).
The score for movement economy from the last trial correlated significantly with MRT-A (r = )0.291, p < 0.05) and MRT-C ()0.345, p < 0.05).
Ability-performance relationships for Manipulate and Diathermy
No significant PearsonÕs r correlations were found between total score in the MD task and visual-spatial scores correlated with pure general cognitive ability;
MRT-A and MRT-C. Visual-spatial scores uncorrelated with g (measured by BasIQ) accounted for only 1.9% of the variance (adjusted r 2 ). There was, however, a significant correlation between g scores and total scores (r = )0.405, p < 0.05); low total scores in this task reflect better performance.
Discussion
There were no significant relationships between the simulator performance scores and the scores in the Flow and Borg scales, indicating that the subjectsÕ flow experience and mental strain during the training tasks presumably did not bias the correlations found between visual-spatial ability and training performance scores.
For subjects with no prior experience with the present surgical simulator training procedures, we were able to demonstrate a relationship between several visual-spatial test scores and performance scores. Surgical novicesÕ high level visual-spatial ability scores were positively and significantly related to IN performance scores in the Procedicus KSA (confounded as well as not confounded with general cognitive ability). The correlations were even higher for visual-spatial ability not confounded with general cognitive ability.
As expected, we did not find any significant correlations between visual-spatial ability and the less complex visual-spatial surgical training task (MD) in the Procedicus MIST. This task involves more verbal instructions than the KSA task and is structured in a logical way similar to the subtests of BasIQ. These task characteristics could explain why we found a significant correlation between general cognitive ability (as measured by BasIQ) and total performance scores in the MIST task.
Our findings are similar to the recent findings by Wanzel and collaborators [27] showing that visual-spatial ability among novices (dental students) is associated with skilled performance on a spatially complex surgical procedure.
Training in surgical simulators is, together with task, equipment, environmental design, and incident report systems, an increasingly important way of gaining surgical proficiency [19] . In general, it is likely that A valid statement is that unique visual-spatial ability (not confounded with general cognitive ability, the g-factor) for surgical novices seems to have a greater impact on performance than general cognitive ability itself, but only for the more spatially complex KSA task. Our results also confirm that high-level visual-spatial ability for novices is related to and could predict early phases of performance, but only for the visual-spatially complex KSA task.
Our findings indicate that high-level visual-spatial ability is important for surgical novices to possess in the early training phase of a complex visual-spatial simulator task. Our study was not designed to give information about what level the novices might reach after unrestricted training. However, Wanzel and collaborators [26] found that a training intervention eliminates novice differences in performance related to visual-spatial ability. Indeed, even minimal practice and training seems to be sufficient. They found that residents with low visual-spatial test scores retested after 10 min of training on the Z-plasty procedure performed as well as the previously higher-scoring group. These findings suggest that, although it is important, innate visualspatial ability is outweighed by factors such as training and experience. We can only speculate that it is likely that more training would have become more important than innate visual-spatial ability by extensive training of novices in a follow-up study on extensive training.
Studies with self-controls and no other control group are vulnerable to the well-known Hawthorne effect [15] , in which subjects change their behavior and sometimes improve their performance simply because they receive special attention by being in a study and not because of the training intervention. In order to limit this effect, we recruited all subjects already attending a course in surgery. Despite this, our training performance outcomes might have been vulnerable to the Hawthorne effect.
We cannot recommend our current psychometric tests of high-level visual-spatial ability as selection criteria for a career in surgery. However, these tests can be applied to identify novice trainees who might well benefit from supplementary instruction, training, and support in specific surgical tasks. Future studies should value the role of important cognitive and sociobehavioral components of operative and procedural competence [18] together with different levels and forms of visualspatial ability. Finally, many other individual factors, such as motivation, should be considered in simulator training [17] .
